We report a new approach to tunnel junctions that employs a pseudomorphic GaAsSb layer to obtain a band alignment at a InGaAs or InAlAs p-n junction favorable for forward bias tunneling. Since the majority of the band offset between GaAsSband InGaAs or InAlAs is in the valence band, when an GaAsSb layer is placed at an InGaAs or InAlAs p-n junction the tunneling distance is reduced and the tunneling current is increased. For all doping levels studied, the presence of the GaAsSb-layer enhanced the forward tunneling characteristics. In fact, in a InGaAs/GaAsSb tunnel diode with p = 1 . 5~1 0~~ cm-3 a peak tunneling current sufficient for a 1000 sun InP/lnGaAs tandem solar cell interconnect was achieved while a similarly doped allInGaAs diode was rectifying. This approach affords a new degree of freedom in designing tunnel junctions for tandem solar cell interconnects. Previously only doping levels could be varied to control the tunneling properties. Our approach relaxes the doping requirements by employing a GaAsSb-based heterojunction.
Introduction:
Tandem junction solar cells offer higher energy conversion efficiencies than single junction solar cells. Although impressive tandem solar cell Performance has been demonstrated with hybrid, mechanically stacked, four-terminal tandem solar cells,' the full potential of monolithic, two-terminal, tandem solar cell structures has not been realized.2 In general, a two-terminal design is preferred to reduce processing costs and to improve overall system performance. The primary obstacle to realizing high-performance, two-terminal, tandem solar cells is the intercell interconnect. One solution to this problem is to make the intercell junction a tunnel junction.
Homojunction (GaAs/GaAs3 and I n G a A~/ l n G a A s~~~) and heterojunction (GaAs/lnGaAs,6 AIGaAs/GaAs7 and AIGaAs/GalnP*) tunnel junctions have been investigated for the intercell interconnect in tandem solar cells.
Representative tunnel diode results are summarized in Table I and compared to our results reported here. For forward bias tunneling to occur there must be empty valence band states at the same energy level as full conduction band states and the distance between these states must be on the order of 100 A.
Prior to this work, this required degenerate doping on 1843 both sides of the junction with an abrupt doping profile. In practice, it is difficult to maintain the abrupt doping profile due to diffusion of the p-type dopant that smears the junction and reduces or eliminates forward bias tunneling. Table I Summary of previous tunnel diode approaches and results from this work.
We report a new approach to tunnel junctions which employs a pseudomorphic GaAsSb layer to obtain a favorable band alignment at the p-n junction. The properties of InGaAs/lnGaAs and InAIAs/lnAIAs tunnel diodes lattice matched to InP fabricated with and without a thin p+-GaAsxSbl-x layer at the junction were investigated. Since the majority of the band offset between GaAsSband InGaAs or InAlAs is in the valence band, when an GaAsSb layer is placed at an InGaAs or InAlAs p-n junction, the tunneling distance is reduced and the tunneling current is increased. This reduction in tunneling distance is evident in the energy band diagrams, calculated from the non-linear one dimensional Poison's equation, of Figs. 1 and 2. A primary advantage of incorporating a GaAsSb layer at the junction is that the doping requirement for the ptype side of the junction can be reduced while maintaining the same tunneling current. The reduction in p-type doping should significantly reduce dopant diffusion during growth, thus maintaining the sharp junction profile required for optimum tunneling and enhancing the overall manufacturability of two-terminal tandem solar cells.
Experimental Approach:
Samples were grown on (100) n+-lnP substrates in a Varian Gen II molecular beam epitaxial reactor as discussed in detail in ref. 9. The epitaxial layers were nominally latticed matched to the InP substrate with the exception of the pseudomorphic GaAsSb layer. The ntype doping species was Si and p-type species was Be. Circular diodes with varied diameters were defined by a wet mesa etch down past the p/n junction. Ohmic contacts were evaporated AulBe (p-type) and Au/Ge (ntype).
Diodes structures based on InGaAs and InAlAs were compared with and without the incorporation of the pseudomorphic GaAsSb layer. With the n-type doping concentration held constant at lx1019 cm3, the effect of reducing the p-type doping from a maximum of 4x1 0 based diodes and down to 5x1Ol8 cm-3 for InAIAsbased diodes was studied. DC testing was done in the dark using common current and voltage probes. Such a two probe measurement will add a series resistance to the diode measurement that will increase the measured diode specific resistivity and the peak tunneling voltage (Vp). Therefore, the diode resistivities reported here should be considered as an upper limit. Four probe testing with independent current and voltage probes that will allow the true diode resistivity to be determined will be reported at a later date.
Tunnel Diode Results: IN characteristic, at the specified p-type doping level, both with and without the GaAsSb layer. In all cases the presence of the GaAsSb-layer enhanced the forward tunneling characteristics. For example, in the most lightly doped InGaAs diode (sample E, p = 1 .5x1Ol8 cm-3, with the GaAsSb-layer the peak tunneling current and cm-3 down to 8 or 15x1 0l8 c m 3 for InGaAs-diode resistivity is still sufficient to carry the current in an InP/lnGaAs tandem solar cell at 1000 suns ~o n c e n t r a t i o n ,~~~ while the InGaAs-only diode (sample F) is rectifying. For the InAlAs diodes, which have the advantage of less absorption in the tunnel junction region compared to InGaAs diodes due to their higher bandgap (Eg = 1.46 eV), the addition of the GaAsSb layer converted the diodes from rectifying to tunneling for both doping concentrations. Here again, Jp on the more highly doped InAIAs/GaAsSb diode (sample H) is sufficient for the intercell interconnect of a 1000 sun InP/lnGaAs tandem solar cell. 
Conclusion:
The incorporation of a pseudomorphic GaAsSb layer in a tunnel diode structure affords a new degree of freedom in designing tunnel junctions for tandem solar cell interconnects. Previously only doping levels could be varied to control the tunneling properties. In this work, we demonstrate a novel heterojunction tunnel diode design that greatly relaxes the doping requirements for tunneling. For example, InGaAs-based tunnel diodes with p as low as 1 .5x101 cm-3 still demonstrated peak tunneling currents sufficient for use as an InP/lnGaAs intercell interconnect operating at 1000 suns concentration. Future work will include applying this approach to InPIlnGaAs and InAIAs/lnGaAs tandem solar cells and investigating the applicability to GaAs based tandem solar cell structures such as AIGaAs/GaAs and GalnPz/GaAs.
